The RECQL4 helicase gene is a member of the RECQL gene family, mutated in some Rothmund-Thomson syndrome (RTS) patients. Other members of this gene family are BLM mutated in Bloom syndrome, WRN mutated in Werner syndrome and RECQL and RECQL5. All polypeptides encoded by RECQL genes share a central region of seven helicase domains. The function of RECQL4 remains unknown, but based on the domain homology it possesses ATP-dependent DNA helicase activity such as BLM and WRN. RothmundThomson, Bloom and Werner syndromes have overlapping clinical features, of which high predisposition to malignancies is the most remarkable feature. Here we report a fourth syndrome resulting in mutations in the RECQL genes. RAPADILINO syndrome is an autosomal recessive disorder characterized by short stature, radial ray defects and other malformations, as well as infantile diarrhoea, but not by a significant cancer risk. Four mutations in the RECQL4 gene were found in the Finnish patients, the most common mutation representing exon 7 in-frame deletion saving the helicase domain and showing dominant effect over other three nonsense mutations. The tissue expression of Recql4 in mouse well agrees with the tissue symptoms of RAPADILINO. The skeletal malformations in RAPADILINO and RTS patients as well as the high osteosarcoma risk in RTS propose a special role for RECQL4 in bone development.
INTRODUCTION
RAPADILINO syndrome (www.ncbi.nlm.nih.gov/Omim, MIM 266280) (1) is an autosomal recessive disorder and the acronym stands for hallmark features: RAdial hypo-/aplasia, PAtellae hypo-/aplasia and cleft or highly arched PAlate, DIarrhoea and DIslocated joints, LIttle size (height-2 SD or smaller) and LImb malformation, NOse slender and NOrmal intelligence. RAPADILINO belongs to the Finnish disease heritage, being more prevalent in Finland than in any other part of the world (2) (3) (4) . We are aware of 14 Finnish RAPADILINO patients and three non-Finnish cases have been reported (5-7) as well. One of the non-Finnish cases (7) later developed poikiloderma, a typical feature for Rothmund-Thomson syndrome (RTS, MIM 268400) and was re-diagnosed as having a severe form of RTS or an entirely new syndrome (8) . Clinical findings from RAPADILINO and RTS are shown in Table 1 . Certain overlap between the symptoms of RAPADILINO and RTS prompted us to study whether the RECQL4 gene, mutated in RTS, would also have a role in the etiology of RAPADILINO.
The gene mutated in some RTS-patients belongs to the RECQL gene family (9) (10) (11) (12) (13) . Furthermore, it is becoming increasingly evident that RTS patients are a genetically heterogenous group and that patients with mutations in RECQL4 belong to a osteosarcoma prone subgroup (13) . Other members of the RECQL gene family are BLM, mutated in Bloom syndrome (BLM, MIM 210900), WRN mutated in Werner syndrome (WRN, MIM 277700) and RECQL and RECQL5, not so far known to be mutated in any human diseases (14) . The overlapping clinical features of Bloom, Werner and Rothmund-Thomson syndromes are chromosomal instability, growth retardation, dermatological changes and predisposition to malignancies (15) . All polypeptides encoded by the RECQL genes share a central region of seven helicase domains (16) . WRN and BLM are known to unwind certain DNA structures (17) (18) (19) . The function of RECQL4 remains unknown, but based on the domain homology it too possesses ATP-dependent DNA helicase activity.
RESULTS

Identification of RECQL4 mutations
Three markers (www.gdb.org, D8S1836, D8S373 and D8S1925) flanking the RECQL4 gene on 8q24.3 were analysed in six informative Finnish RAPADILINO families with a total of eight affected patients. The observed two-point LOD scores for these markers were 1.98, 2.28 and 2.12 (at the recombination fraction 0), TDT-LRT values being 0.0628, 0.0033 and 0.0002, respectively. Based on the linkage to the flanking markers it was reasonable to start analysing the 3.6 kb RECQL4 gene (www. ncbi.nlm.nih.gov, GenBank accession no. NM_004260) as a candidate gene for RAPADILINO syndrome.
Four different RECQL4 mutations were identified in the RAPADILINO families, a splice site mutation in intron 7 and three nonsense mutations in exons 5, 18 and 19. The splice site mutation, IVS7 þ 2delT, is the Fin-major mutation, enriched in this isolated population. Nine out of 13 patients were homozygotes for the IVS7 þ 2delT mutation, the remaining four being heterozygotes for this mutation. Detailed information about all the identified RAPADILINO mutations is presented in Table 2 and Figures 1 and 2 . All the parents were found to be heterozygous for the RECQL4 mutations and none of the healthy siblings were homozygous for any of the mutations. DNA analysis of 274 controls (Finns) for the IVS7 þ 2delT mutation revealed two heterozygotes, implying a carrier frequency of 1 : 137, which is in good agreement with the incidence of RAPADILINO in Finland (1 : 75 000). A total of 22 RECQL4 mutations have been previously reported in the RTS patients (9-13), all of them being different from any of our mutations (Fig. 1) .
The IVS7 þ 2delT mutation destructs the 5 0 splice site of intron 7 and is predicted to result in an in-frame skipping of exon 7 (Fig. 2) . To confirm this, PCRs of cDNA from numerous normal tissues were sequenced [Clontech fetal cDNA panel (catalogue no K1425-1), fetal cartilage and bone, adult intestine and fibroblast] and verified to contain exon 7. Contrary to this finding in control tissues, a smaller PCR product was obtained from fibroblast cDNA of a RAPADILINO patient homozygous for the IVS7 þ 2delT mutation, and sequence analysis confirmed the deletion of exon 7. Elimination of exon 7 removes 44 amino acids of the 1208 amino acids RECQL4 polypeptide (GenBank accession no. NP_004251.1; www.ncbi.nlm.nih. gov/BLAST). Computer-assisted predictions of the deleted peptide sequence failed to identify any known domains or recognition sequences, e.g. binding sites (http://us.expasy. org/tools). However, this particular peptide region is very hydrophobic containing, for example, 10 proline residues and protein pI changes from 8.45 to 8.78 (http://us.expasy.org/tools/ pi_tool.html), which most probably has an effect on the protein function. Interestingly, the corresponding region in the mouse polypeptide consists of 69 amino acids, whereas the domains encoded by other exons are more similar in size between human and mouse. Mildly delayed development in two; one of them had severe infantile meningitis. n.m., not mentioned.
In situ hybridization
It has been suggested that the expression of RECQL4 is tissuespecific, with the highest expression level in thymus and testis (16) . Since we found expression in all tested human tissues, we wanted to obtain more detailed information of the expression pattern, and performed in situ hybridization studies in fetal mouse tissues. E12.5 embryos did not show any hybridization signal, whereas at E15.5 and E18.5 a significant Recql4 mRNA expression was detected in several tissues. Most intense signals were found in chondrocytes of developing bone and cartilage as well as in immature proliferating enterocytes of intestine ( Fig. 3 ). Weaker signals were seen in multiple tissues, e.g. in the ventricular zone of the developing brain.
Clinical data
Detailed clinical data for this study were obtained from 14 RAPADILINO patients, 10 females and four males, while the RTS data was gathered from the literature (Table 1) . When comparing clinical findings from the RAPADILINO patients with those from the RTS patients, the most distinct difference is poikiloderma, which is the hallmark symptom of RTS, but never present in the RAPADILINO patients. Both sensitivity and unsensitivity to light has been reported in the RTS patients (5, 7, 9) , probably reflecting genetic heterogenity, but the RAPADILINO patients do not have photosensitivity. The only frequent dermatological sign in RAPADILINO is irregular areas of pigmentation resembling café-au-lait spots. A constant feature in the RAPADILINO patients is systematically identified radial ray defects, less frequent in RTS. Both the RAPADILINO and RTS patients are short in stature. In some RAPADILINO cases the other symptoms are so mild that it will be interesting to study whether RECQL4 mutations could lead to a proportionate short stature without other clinical manifestations.
Surprisingly, RAPADILINO syndrome seems to be more common in females, in contrast with RTS, which seems to be more common in males. The severity of the disease has a rather wide range of manifestations, also within families. Of the three different sex sib-pairs, the affected male systematically presents distinctly milder clinical findings than his affected sister (Kääriäinen et al., manuscript in preparation). In some of the boys, the features are so mild (i.e. small stature, small thumbs and hypoplastic patellae) that the diagnosis would have been missed without the more severely affected sister, which might explain the deviation in the sex ratio. However, the observed phenotypic variation implies some sex-influenced differences in the manifestation of the RECQL4 mutations.
Feeding, vomiting and diarrhoea problems were observed in almost all of the RAPADILINO patients. Interestingly, these problems have been reported only for a few RTS patients. Maybe this feature has not been considered as a true symptom of RTS and has thereby been left unreported.
DISCUSSION
The expression pattern of Recql4 in the fetal tissues of mouse is in good agreement with the tissue symptoms of RAPADILINO, including bone and cartilage malformations as well as infantile diarrhoea, implying dysfunction of cartilage and intestinal cells. It will be important to solve the significant role of RECQL4 in the bone development and in the absorption of nutrients in the intestine.
Overlaps and differences have been observed in the clinical picture between RTS and RAPADILINO. In the future, careful characterization of symptoms, especially dermatological changes, is needed to evaluate whether these diseases are nevertheless a single disorder with multiple clinical features. Furthermore, the identification of RECQL4 mutations and their effects on the synthesized polypeptide might provide an answer to this question.
Most RECQL4 mutations found in the RTS patients represent nonsense or frameshift mutations, resulting in a truncated polypeptide (9-13) and in severely impaired or entirely missing helicase activity. The nonsense RAPADILINO mutations 2, 3 and 4 ( Fig. 1 ) also lead to non-functional truncated polypeptides. Opposite to this, the IVS7 þ 2delT mutation removes a hydrophobic stretch of amino acids, but leaves the helicase domain intact, although potentially affecting the normal folding of the polypeptide. Importantly, the all Finnish RAPADILINO patients, sharing similar clinical features distinctly different from RTS, are either homozygotes or heterozygotes for the IVS7 þ 2delT mutation.
Since it is assumed that the premature stop mutations in the other allele of the patients result in an early degradation of mutant mRNA (9, 20) , the outcome is the functional predominance of the polypeptides carrying the IVS7 þ 2delT deletion. This dominant effect of the in-frame deletion is sufficient to result in the RAPADILINO phenotype, although the nonsense mutations 2, 3 and 4 would predict the phenotype of RTS. In the literature there are only three RTS mutations (g.2626G > A, g.3684G > A and c.1704G > A) predicted to cause the skipping of an exon without frameshift. All these mutations are located in the helicase domain and they severely impair the helicase activity, unlike IVS7 þ 2delT mutation, which is located outside the helicase domain. An analogous example showing a different effect of mutations of the helicase gene on the clinical phenotype is the xeroderma pigmentosum group D (XPD) gene. Mutations in the XPD gene directly affecting the repair activity of the ATP-dependent DNA helicase result in the classical XP-D clinical phenotype (XPD, MIM 278730), whereas the effect of other types of mutations is distinctly different, leading to Cockayne Syndrome (CS, MIM 216400) or Trichothiodystrophy (TTD, MIM 601675) (21) .
Another interesting feature of the genotype-phenotype correlation of RECQL gene defects merges from the wellestablished tendency of malignancies in Werner, Bloom and Rothmund-Thomson syndromes. Patients with Bloom syndrome are very cancer-prone, in Werner syndrome sarcomas are a common feature, and osteosarcomas are especially frequent among RTS patients (13, 15, 22) . This shared tendency for malignancies could be due to the crucial role of the RECQL helicases in retaining the stability of chromosomal DNA. Fifteen of the 25 RTS patients with mutations in RECQL4 were reported to have osteosarcoma and no information was given from one patient (9) (10) (11) 13, (23) (24) (25) . In addition, Wang et al. (13) found RECQL4 mutations in five infantile RTS-patients, who may develop osteosarcoma in the future. Among RTS patients the median age at the time of the osteosarcoma diagnosis has been nine years (13) , while the literature reviewed showed that only one RTS patient with the RECQL4 mutations was over 20 years old when osteosarcoma was diagnosed (9, 24) . At the moment nine of the RAPADILINO patients are over 20 years old and only one has osteosarcoma. It seems that the osteosarcoma incidence is higher in RTS than in RAPADILINO. A hypothesis could be proposed that the defective helicase activity in the Werner, Bloom and RTS patients makes them prone for cancer and sarcomas, whereas in the RAPADILINO patients, with prevailed helicase activity, the cancer risk is lower. Figure 1 . Gene structure of RECQL4 and known mutations in RAPADILINO and RTS. The genomic structure of the RECQL4 helicase gene contains 21 exons and it has a typical house-keeping promoter. The whole genomic sequence of RECQL4 (AB026546) is 6462 bp long, mRNA (NM_004260) being 3627 bp. This sequence encodes protein of 1208 amino acids (NP_004251.1), resulting in a 133 kDa molecule. The RTS mutations have been published previously (9-13). The sites of the mutations have been presented in the genomic sequence or in the cDNA sequence according to the numbering in the original article. In the picture the helicase domain is marked as grey.
MATERIALS AND METHODS
Patients
Since the rare RAPADILINO syndrome was first described (1), we have conducted a systematic search of RAPADILINO cases in Finland among children born during the years 1970-1990 (M. Mentula, unpublished data). After that, new patients have come to our knowledge only accidentally. In each family, at least one affected child has fulfilled the criteria shown in Kääriäinen et al. (1) .
Based on this nationwide search, we identified 11 Finnish RAPADILINO families with 14 affected individuals. All these families were contacted and asked to participate. One family refused to participate [patient 1 in Kääriäinen et al. (1)], and from one family only the mother and father could be contacted (patient 2 in the same paper). All the other families agreed to participate.
Sequencing
Sequencing of genomic DNA was done by ABI 373A sequencer (Applied Biosystems) according to the manufacturer's instructions. Primers for the mutation detection and RT-PCR were selected by using the human RECQL4 genomic sequence (AB026546.1). For the detection of mutation 1 (Fin-major) in intron 7 the forward primer 5 0 -GTGGCCAGTGGTTGTCTTG-3 0 and the reverse primer 5 0 -TTAGGGGA-CAAGCAGCAGTT-3 0 were used. The forward primer for RAPADILINO mutation 2 in exon 5 was 5 0 -TACAATTGA-GCGTGGGGACT-3 0 and 
Minisequencing
The identification of carriers for IVS7 þ 2delT was performed by minisequencing (26) (with slight modifications) of DNA samples from 274 healthy Finns. The forward primer for PCR Figure 3 . Recql4 mRNA expression in fetal mouse (E18.5) is strongest in the organs most affected in RAPADILINO syndrome. Most signal was detected in the intestine (A-C) and the developing bone (E) and cartilage (F). In the intestine the most prominent expression is seen in epithelial cells (arrows in A and C). A strong specific signal is also found in vertebral (E) and forelimb cartilage (data not shown) as well as in the nasal cavity (F). In the developing bone and cartilage the Recql4 mRNA is localized in the proliferating chondrocytes (arrows in E and F). mRNA expression was also found in some other organs including liver (A), ventricular zone of the brain and lung (data not shown). Hybridization with the sense probe gives a negative result (D, G, H). D, duodenum; V, villus; L, liver; me, muscularis externa; CO, colon; SI, small intestine; ivd, invertebral disc; C, cartilage; hC, hypertrophic cartilage; NC, nasal cavity. Magnifications: A, B and D, Â10; C, Â40; E, F, G and H, Â20.
was 5 0 -GCTCCCATTCTACCCTCTCC-3 0 and the biotinylated reverse primer was 5 0 -CAGACAGGATCCGCATGACT-3 0 . The detection primer for the deletion was 5 0 -CCCTCAGGGCA GTTGGCAGG-3 0 .
In situ hybridization
The in situ hybridization studies comprised mice (C57BL/ National Public Health Institute, Helsinki, Finland) at embryonic days 12.5, 15.5 and 18.5 (E12.5-18.5). The embryos were fixed by overnight immersion in freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Samples were embedded in paraffin, cut into 5 mm thick sections and mounted onto SuperFrost/Plus microscope slides (Merck, Germany). Animal care and handling were at all times consistent with the guidelines set out in the National Research Council's guide for laboratory animal care and use. Probes for in situ hybridization were prepared by amplifying the 510 bp fragment corresponding to nucleotides À27-483 from 17 days mouse embryo cDNA (Clontech/BD Biosciences). Primers were selected by using the mouse Recql4 mRNA sequence (XM_128258.1). The forward primer was 5 0 -TTCCCCTAAACTCACGTTCG-3 0 and the reverse primer was 5 0 -AGGAAGTGCATCGTCAGCTT-3 0 . The fragment was cloned into the pGEM-T Easy Vector (Promega) and the digoxigenin-labelled anti-sense and sense probes were generated using a DIG RNA labeling kit (Roche) according to the manufacturer's instructions. The anti-sense and sense probes were diluted in 1 : 100 in a hybridization mixture containing 50% formamide, 5Â SSC, 10% dextran sulfate, 1Â Denhardt's solution, 1 ml/ml RNAse inhibitor and 500 mg/ml tRNA. In situ hybridization was performed as described previously by Breitschopf et al. (27) with slight modifications. Samples were analysed and photographed using a Zeiss Axioplan 2 imaging microscope (Zeiss). The final figures were prepared using Adobe Photoshop 5.0 and Adobe Illustrator 8.0 software.
Cells
Establishment of fibroblast cell line was done from a skin biopsy of patient r605 homozygous for Fin-major mutation. PolyA mRNA was purified from fibroblast cell line using an Oligotex Direct mRNA midi/maxi kit (Qiagen). RT-PCR from polyA mRNA was performed by using an Advantage RT-for-PCR kit (BD Biosciences). Amplification of RECQL4 exons 6-9 from cDNA was performed with the forward primer 5 0 -GAAGTGGCGGAAGAAAGGGGAGTG-3 0 and the reverse primer 5 0 -TAGAGCAGCGCTGGGAGCTGGTAG-3 0 . Immortalization of lymphoblasts was attempted twice from male patient r904 and both attempts failed. Immortalization of male patient r1003 seemed to be unsuccessful but cells started to grow after about 2 months of incubation. We have not found any difficulties immortalizing lymphoblasts from our female patients (r405 and r504). Miozzo et al. (25) reported that they too had failed to immortalize lymphoblasts from RTS male patient.
